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Introduction
The folding of proteins to their functional three-dimen-
sional structure certainly obeys criteria and rules hidden in
the proteins amino-acid sequences. These rules are not yet
fully understood, but many theoretical models have been
developed either to explain or to predict experimental
results. Because of the large size of the conformational
space available to polypeptides and the complexity of pro-
teins, reductions are necessary to model protein sequences,
structures and folding behaviour. The parameterization of
the folding force field, which should reproduce the folding
rules, is therefore simplified [1]. Many simplified protein
models (‘sidechain-only’ models [2]) disregard the chemi-
cal nature of the mainchain, because the chemical proper-
ties thought to be essential for folding (the hydrophobic/
hydrophilic pattern and tertiary contacts within the protein
core) are usually embedded in the residue sidechains.
Many theoretical folding experiments have been conducted
on cubic lattice models, which represent proteins as strings
of beads bearing the chemical nature of the amino-acid
sidechains, and these have succeeded in reproducing both
the thermodynamics and the kinetics of real proteins [3–6].
Honig and Cohen [2] and Shakhnovich [1] recently dis-
cussed the pros and cons of sidechain-only models. The
agreement is that simplified models are well qualified for
the investigation of protein folding but fail to predict
protein structures. Nevertheless, the folding of a new pro-
tein sequence, the retro sequence of the B domain of
Staphylococcal protein A, was recently simulated [7] using a
high coordination lattice model [8,9] and the sequence was
predicted to adopt the native three-helix bundle topology
or a mirror image. A retro protein is obtained by reading a
protein sequence backwards. The retro protein sequence
cannot be aligned with the native parent sequence because
proteins are not palindromes and the structure does not
need to be homologous, a priori, to the native structure.
Regarding the proteins as strings of beads, however, when
the backbone directionality is disregarded the sequential
arrangement of essential chemical groups in the retro
protein is identical to the native arrangement. Theoretical
sidechain-only models are thus quite insensitive to the
sequence inversion, and must predict that the retro protein
fits well on the protein fold of its native parent sequence.
Also, mirror images maintaining sidechain arrangements are
possible predictions for retro and native protein sequences.
The lattice model of Kolinski and Skolnick [8,9] does not
rely on the sidechain-only approximation, and goes a step
further than the simpler cubic lattice models. The main-
chain of a protein is reduced to a string of α carbons and
sidechains are represented by off-lattice spheres. The
hydrogen bonding properties of the backbone, as well as its
tendency to adopt regular secondary structure, are taken
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into account. The theoretical result of Olszewski et al. [7]
could not, therefore, be expected.
To test the computer result of Olszewski et al. [7], and the
validity of the sidechain-only hypothesis, we first tried to
model the retro SH3 domain using distance geometry
(DG) and molecular dynamics (MD). We then constructed
the retro sequences of three different protein domains: the
SH3 domain of α-spectrin (SH3 domain), the B domain of
Staphylococcal protein A (B domain) and the B1 domain of
Streptococcal protein G (B1 domain), to study their struc-
ture by CD and NMR. The native domains are small
compact globular proteins (Figure 1) whose structures
were obtained from X-ray crystallography and NMR. The
B domain is a 60 residue protein that folds into a three-
helix bundle [10,11]; the B1 domain is a 55-residue protein
that has a central α helix packed against a four-stranded
β sheet [12,13] and the SH3 domain is a 61-residue protein
that folds as a five-stranded orthogonal β-sheet sandwich
[14,15]. We used three different folds to examine the
sensitivity of different secondary structure elements and
tertiary arrangements to the protein sequence inversion.
Results and discussion
What should we expect from a retro protein sequence?
A backwardly read protein sequence (retro protein) is a
new protein sequence. In the case of the three retro
protein domains we studied, there are no known sequences
in the SWISS-PROT database [16] with sufficient homology
to be considered related. It is not known, therefore, if these
new proteins fold, to which structure they fold, and how
stable they can be. In fact, the sequence inversion is a
severe transformation and many would expect that the pro-
teins do not fold at all. The arrangements of residues that
allowed the native proteins to fold (e.g. some specific i, i+2
or i, i+4 patterns compatible with the formation of β strands
and α helices, respectively, and even more complicated
long-range contact patterns, most importantly the hydro-
phobicity profile) still exist in the retro proteins, with
exactly the same amino acids. It is not fully determined
how important the order (either N to C terminus or C to
N terminus) of these patterns is for the formation of sec-
ondary and tertiary structure, and the sequence separation
and chemical nature of sidechains might well be the only
criterion for folding. The folding of the retro protein could
be initiated by the formation of secondary structure if local
interactions prevail [17,18], so that the protein should at
least condense to a molten globule [19]. Alternatively, the
overall attraction between hydrophobic residues could
produce a hydrophobic collapse, resulting in a compact
globule [20] that could act as a folding nucleus.
According to the lattice simulation of Olszewski et al. [7] and
sidechain-only models in general, some would expect that
the retro proteins effectively fold to a unique and specific
architecture, as do natural proteins. To support that possibil-
ity, Olszewski et al. [7] built an atomic model from the low-
resolution lattice native-like model. They pointed out that
the good packing of a native-like hydrophobic core they
obtained is a strong indication of the validity of their predic-
tion, but that only an experimental verification could hold
as a demonstration. We now present such an experimental
verification, after discussing the sensitivity of secondary
structure and tertiary packing to the sequence inversion.
Are the secondary structure propensities altered?
In some cases, the N to C terminus order of sidechain con-
tacts is thought to be preferred to the reversed order.
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Figure 1
Molscript [40] ribbon representation of the
three proteins used to generate the retro
sequences. (a) B domain of Staphylococcal
protein A (PDB code: 1bdc). (b) B1 domain
of Streptococcal protein G (PDB code:
2gb1). (c) SH3 domain of α-spectrin (PDB
code: 1shg).
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Reversing the sequence of a protein might, therefore,
disrupt its secondary structure propensities. For example,
α helices should suffer from a sequence inversion because
the residue composition at the N terminus and C terminus
is different as a result of capping effects [21–23] and interac-
tions with the helix dipole [24]. Also, certain interactions are
more frequent in one direction than the other because of
the orientation of Cβ towards the N terminus of helices
[25]. The alteration of secondary structure propensities, at
least in helical proteins, affects the global stability of the
protein [26,27]. Therefore, retro proteins might not fold at
all as a result of only the modification of their secondary
structure tendencies. The retro B domain was, however,
predicted with the helix–coil transition program AGADIR1s
[24,28,29] to be intrinsically more apt to form helical seg-
ments than the native domain (Figure 2a). For example, the
third helix predicted for the retro domain has a high helical
tendency because of the presence of a hydrophobic staple
motif (i to i+5 Leu–Leu contact in Leu–Asn–Pro–Leu–His–
Leu [30,31]), with an asparagine residue as a good N-cap-
ping amino acid. Also, the PHD secondary structure predic-
tion [32] for our retro proteins does not differ much from
that of their native relatives, which is itself close to their
actual structure (Figure 2b–d). Only the retro SH3 domain
shows some significant change, as one of its β strands is pre-
dicted to form an α helix. One must take into consideration,
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Figure 2
Secondary structure propensities of the retro protein. (a) Predicted
helical content (%) of the retro and native B domains of protein A. The
prediction was obtained with AGADIR (http://www.EMBL-Heidelberg.
DE/Services/serrano/agadir/agadir-start.html) at the residue level and
plotted along the sequence, setting pH, temperature and ionic strength
to 7.0, 298K and 0.1 M, respectively. The sequence is written left to
right from the N terminus to the C terminus of the native protein
(C terminus to the N terminus of the retro protein). (b–d) i, DSSP [41]
assignments; and ii, native sequences. PHD predictions [32] of iii, the
native; iv, the retro proteins; and v, sequences of the retro proteins.
Proteins are: (b) the B domain, (c) the B1 domain and (d) the SH3
domain. In the DSSP assignment, H, S and T refer to helix, strand and
turn, respectively. For the PHD prediction, H, E and c refer to helix,
extended and coil, respectively. All sequences are listed with the
one-letter amino acid code. Residues added at the N termini due to the
cloning procedure are not shown, and neither are the first four residues
of the SH3 domain.
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i  TT   TT HHHHHHHTT TTT HHHHHHHHHHHHH  TTHHHHHHHHHHHHHTTT
ii TADNKFNKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSQSANLLAEAKKLNDAQAPKA
iii cccccccHHHHHHHHHHHHcccccHHHHHHHHHHHccccHHHHHHHHHHHHHHHcccccc
iv cccHHHHHHHHHHHHHHHHccccHHHHHHHcHHHHHcccccHHHHHHHHHHHHHHccccc
v AKPAQADNLKKAEALLNASQSPDDKLSQIFGNRQEENLNPLHLIEYFANQQEKNFKNDAT
i SSSSSS  TT  SSSSSS TTHHHHHHHHHHHHHTTT  TSSSSSTTTTSSSSS
ii TYKLILNGKTLKGETTTEAVDAATAEKVFKQYANDNGVDGEWTYDDATKTFTVTE
iii cEEEEEcccEcccEEEEEHHHHHHEEEEEEEEEEcccccEEEEEEcccccEEEcc
iv ccEEEEcccHHHccEcccccccHHHHHHHHHHHccccccccccEEcccEEEEEcc
v DTVTFTKTADDYTWEGDVGNDNAYQKFVKEATAADVAETTTEGKLTKGNLILKYT
i   SSSS T     TTT     TT SSSSSS  TTTSSSSSSTTSSSSSS333SSSS
ii KELVLALYDYQEKSPREVTMKKGDILTLLNSTNKDWWKVEVNDRQGFVPAAYVKKLD
iii cEEEEEEEEccccccccEEEccccEEEEEcccccccEEEcccccEEEEEcccEEEcc
iv cccEEEEEEEccccccEEEEEEccccccEEEEEccccEEEEcccHHHHHHHHHHHHH
v DLKKVYAAPVFGQRDNVEVKWWDKNTSNLLTLIDGKKMTVERPSKEQYDYLALVLEK
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Figure 3
MOLSCRIPT [40] representations of (a) the SH3 domain of α-spectrin
(PDB code: 1shg) and (b) a model of the retro SH3 domain built by
distance geometry (DG) to reproduce the sidechain contacts of the
native protein. (c) Ramachandran plot (obtained with PROCHECK [42])
of the mainchain dihedral angles of the model shown in (b). Squares
indicate amino acid (φ–ψ) pairs, glycine residues are indicated by
triangles. The three shaded regions are the most favoured regions.
Only 70% of the model residues have backbone dihedral angles
corresponding to these favoured regions (compared with 94% for the
native SH3 domain).
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however, that the success of the PHD method to predict the
secondary structure of SH3 domains lies in the use of a mul-
tiple-sequence alignment, which is most successfully pre-
dictive when many homologous sequences are available.
Methods that use only single-sequence information predict
helical segments in the native SH3 domain and experimen-
tal work shows that fragments of the protein do indeed have
helical tendencies [33]. Regarding the structural class of the
protein, retro and native B domains are predicted to be all
α, whereas the retro and native B1 and SH3 domains are
predicted to belong to the mixed class. In that respect, the
retro proteins cannot be regarded as nonsense molecules.
Is a native conformation plausible?
Following the assumption that a retro protein could fold to
a structure similar to the native parent, rather than relying
on any prediction for the secondary structure, we first
examined the possibility of constructing a model of the
retro SH3 domain with its native structure. Reversing the
order of the residue sidechains along the mainchain back-
bone is the simplest operation. This can be referred to as a
‘backbone-centric’ approach because the structure of the
mainchain is not altered. This naive symmetrical transfor-
mation immediately appeared to be nonsense, due to the
burial of polar sidechains in the protein core (i.e. residues
in the protein core Val9, Val23, Met25, Leu31, Val44,
Val46, Val53 and Val58 are replaced by Lys59, Glu45,
Lys43, Thr37, Thr24, Glu22, Tyr15 and Leu10, respec-
tively) and exposure to solvent of non-polar residues. The
complete alignment of the retro sequence with the native
parent is shown in Figure 2d. The first four residues of the
native protein were not considered because they adopt no
defined structure [13]. Alternatives to the direct symmetry
operation, such as the sequence inversion plus residue
shifts in the structural alignment or backbone rearrange-
ments, would be needed to enable the retro SH3 domain
to fold to the topology of the native protein. These argu-
ments diminish the plausibility of the native model, even
in a molten globule, where loose hydrophobic contacts in
the protein interior are required.
Is the mirror image feasible?
Further neglecting the native model, a ‘sidechain-centric’
model was built using a distance geometry (DG) approach,
by setting distance upper limits to the distances measured
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Figure 4
Far-UV CD spectra and temperature dependence of the ellipticity. The
far-UV CD spectra of (a) the retro B domain, (b) the retro SH3
domain, and (c) the wild-type SH3 domain at 278K and 363K. (d) The
temperature dependence of the ellipticity for the retro B domain,
monitored at 222 nm; retro SH3, monitored at 235 nm; and the wild-
type SH3 domain, monitored at 235 nm. All samples were ~20 µM
protein. The retro B domain was in 10 mM sodium phosphate at
pH 7.0. The SH3 and retro SH3 were analysed at pH 3.5 (the spectra
at pH 7.0 were identical to those at pH 3.5; data not shown).
Measurements were performed using a 0.2 cm pathlength cuvette.
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between sidechain heavy atoms of the X-ray structure of
the SH3 domain. The model resulted in a topological
mirror image of the SH3 structure (Figure 3). Correct
native-like sidechain contacts were thus obtained, but the
model had some uncommon backbone dihedral angles
(Figure 3c) because no restraints were put on the backbone
conformation. To refine the model, short MD runs were
performed, relaxing the distance restraints and introducing
φ and ψ dihedral restraints to regularise secondary structure
elements. We thus aimed to combine aspects of both side-
chain-centric and backbone-centric views, reproducing in a
coarse manner the sidechain contacts and backbone dihe-
dral angles of the native protein. There was competition
between the two sets of restraints, so that strong restrictions
on the peptide-bond planes and α-carbon chiralities had to
be used to prevent deviations from standard values.
Despite many attempts with different weightings of the
distance and dihedral angle restraints, the balance that
would reduce the restraints competition and enable the
construction of a correct protein model was never found.
Thus, it seems that a mirror image of the native SH3
protein cannot be built at an atomic level. This does not,
however, eliminate the possibility that the protein could
fold as a molten globule. Because we could not obtain a rea-
sonable model for the retro SH3 protein, we did not
attempt to build atomic models for the other two retro pro-
teins, but instead we tried to obtain the three retro proteins
by genetic engineering and we tried to test their foldability.
Do retro proteins fold at all?
The retro proteins obtained from reading backwards the
sequences of the SH3, B1 and B domains were engineered
and expressed in Escherichia coli cells. Expression yields
were always low and for the B1 domain retro sequence the
yields were never sufficient to undergo purification and
further structural characterisation of the protein. Low
expression yields can be due to rapid proteolysis, which
would be enhanced if the protein is unstructured or adopts
a low stability structure. The B domain and SH3 retro
proteins were purified by exclusion chromatography from
the soluble fraction of the cell lysates. Both proteins were
analysed by CD (Figure 4) and NMR (Figure 5). The far-
UV CD spectrum of the retro B domain protein (Figure 4a)
is characteristic of random coils, with a small amount of
secondary structure, as shown by the negative ellipticity
at 222 nm. Also, the one-dimensional NMR spectrum
(Figure 5a) shows no chemical-shift dispersion, as for
unstructured proteins. Increasing the temperature pro-
duces very little change in the CD spectrum (Figure 4a)
and we observe a monotonous decrease of the ellipticity at
222 nm upon temperature increase (Figure 4d), which is
also typical of random polypeptides. Similar results are
obtained with the retro form of the SH3 domain (Figures
4b,d and 5b). For this domain, because the far-UV CD
spectrum of the wild-type SH3 is quite complex, as a result
of the presence of aromatic residues, and resembles a
non-structured protein, we also present the CD and NMR
data for the wild-type protein for comparison (Figures 4c
and 5c). Our CD results allow us to eliminate the possibil-
ity of the formation of a molten globule state because the
definition of this state requires native-like secondary struc-
ture. We cannot rule out the formation of a compact
unfolded state, however.
Why retro proteins are unfolded, but were once predicted
to fold
Clearly, the retro proteins related to the B domain of
Staphylococcal protein A and the SH3 domain of α-spec-
trin are unfolded and this is likely to be the case for the B1
domain of protein G. We propose that some secondary
structure propensities still exist, but further experimental
work is required to verify the hypothesis. Future work
should be oriented to the study of peptide fragments of the
native protein sequences and their retro analogues, and to
the measurement of the degree of compactness of the retro
proteins. We found some incompatibilities between native
tertiary contacts and backbone dihedral angles in a model
obtained through DG with native distance restraints. The
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Figure 5
600 MHz 1H one-dimensional spectra. (a) Retro B domain, (b) retro
SH3 domain, and (c) wild-type SH3 domain. NMR experiments were
performed at 298K. Samples were ~1 mM protein in 0.5 ml H2O/D2O
(9:1 v/v). For the retro B domain, the pH was 7.0 in 20 mM sodium
phosphate. For the SH3 and retro SH3 proteins, the pH was set to 3.5
in order to increase the protein solubility.
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methodology used to build this model is in the line of the
sidechain-only approximations. The results obtained thus
contradict the prediction by Olszewski et al. [7], but they
agree with the discussions by Honig and Cohen (who
argued that proteins are special among polymers because
they are polypeptides, so folding and protein models
should not underestimate the weight of the mainchain
backbone properties [2]) and Shakhnovich (who proposed
that reduced models are only appropriate for the study of
protein folding thermodynamics and kinetics, but are not
adapted for structure prediction [1]).
Materials and methods
Model building
The model of the retro SH3 domain was built in a distance geometry
calculation with restraints mimicking the wild-type sidechains contact
pattern. The program WHAT IF [34] was used to obtain distances
between sidechain heavy atoms in the wild-type protein (PDB code:
1shg), and those ≤ 8 Å were converted to upper distance limits (2759
restraints). With these, 20 structures were generated using the
program DIANA [35] in an iterative procedure of 20 runs, where struc-
tures obtained in each run are used as input for the next one. Only the
best structure of the last run, as ranked by DIANA, was kept, minimised
in vacuum, and refined performing first a 15 ps MD simulated anneal-
ing of the solvated molecule and then a 20 ps MD run at constant tem-
perature. The simulated annealing consisted of a fast temperature
increase from 10K to 1200K in 2 ps steps, a plateau at 1200K for
another 2 ps, a slow temperature decrease towards 10K for 9 ps, fol-
lowed by a faster decrease until the end. The weight of the restraints
was linearly scaled up from 0.1 to 1 during the heating phase and then
maintained. Chirality of asymmetric carbons and planarity of peptide
bonds were kept by applying additional angular restraints. The follow-
ing 20 ps MD run was performed at 298K, the temperature being
increased from 10K to 298K in the initial 2 ps. The sidechain contacts
restraints were maintained within ± 2 Å around the initial upper dis-
tances. Also, the backbone dihedral angles of segments, which define
the β strands of the wild-type structure (with the numeration of the
retro protein: residues 2–5, 9–14, 17–22, 28–32, 52–53), were
restrained to the following angular ranges: Φ between –110° to –140°
and Ψ between –130° and –170°. Additional restrictions brought most
of the remaining Φ angles to negative values (between –20° and
–170°), except for glycine and asparagine residues, which might adopt
positive angles. The region corresponding to the 310 helix of wild-type
SH3 (residues 6–8) was restrained to the symmetrical part of the
Ramachandran plot, the left helix region: Φ between 20° and 60° and
Ψ between 30° and 70°. The restraints were scaled down to 0.1
between t = 15 ps and t = 18 ps, and then removed for the rest of the
run. The MD runs were conducted using the AMBER all atom force field
as implemented in the AMBER 4.1 package [36], on a 16 R8000
processor SGI computer. Where solvation was used, the protein mol-
ecule was immersed in a cube of water so that the minimal distance
from the protein to the box surface was 10 Å, and periodic boundary
conditions were used with a distance cut-off of 10 Å to calculate non-
bonded interactions. The dielectric constant was ε = 1. Hydrogens
and water molecules were first minimised for 5000 steps, the water
was then equilibrated in a 20 ps MD simulation at 298K (the tempera-
ture was increased linearly from 10K to 298K during the first 5 ps),
and the full system was finally minimised for another 5000 steps.
During the MD, the SHAKE algorithm [37] was used to constrain bond
lengths, so that a time step of 2 fs could be used, and the non-bonded
pair list was updated every 10 steps.
Gene construction and cloning
The retro sequences were obtained by reading the wild-type
sequences from the C terminus to the N terminus. The cloning proce-
dure needed the addition of a methionine (retro B1 and SH3 domains),
or a methionine and glycine (retro B domain) prior to the new N-terminal
amino acid. In the case of the retro B1 domain, Glu1 was replaced by
an aspartate. Both retro protein DNA sequences were built using a PCR
reaction method with oligonucleotides synthesised by the EMBL DNA
service. Two central oligonucleotides were annealed together and poly-
merisation was accomplished to obtain a double-stranded DNA frag-
ment, that was further elongated and amplified using two external
oligonucleotides. NcoI and HindIII restriction sites were designed at the
5′ and 3′ termini, respectively, of the produced DNA, to allow cloning
into pBAT-4 [38]. BL21 E. coli cells were electroporated. Chemical
sequencing of the plasmid cloning site was performed by the EMBL
DNA service, after purification from transformed bacteria. Amino acid
sequences of the constructions are as follows (additional residues are
indicated in brackets): Retro SH3 domain, (M) DLKKVYAAPV FGQRD-
NVEVK WWDKNTSNLL TLIDGKKMTV ERPSKEQYDY LALVLEKGTE
D; Retro B1 domain, (M) DTVTFTKTAD DYTWEGDVGN DNAYQKFV-
KE ATAADVAETT TEGKLTKGNL ILKYT; Retro B domain, (MG) AKPA-
QADNLK KAEALLNASQ SPDDKLSQIF GNRQEENLNP LHLIEYFANQ
QEKNFKNDAT.
Protein expression and purification
The retro SH3 domain was expressed and purified as previously
described for its wild-type parent [13]. The retro B and B1 domains
were expressed in E. coli cells (BL21 strain). Bacteria were grown at
37°C from a single colony in L-broth medium containing 50 mg l–1
ampicilin until the culture reached an optical density of ~0.5 at
600 nm. Isopropyl-β-D-thiogalactopyranoside (IPTG) was then added
to a final concentration of 40 mg l–1. Cells were harvested 3 h later by
centrifugation and resuspended in 10 mM sodium phosphate, pH 7.0.
EDTA (1 mM) and PMSF (1 mM) were used to prevent proteolysis.
After lysis of the cells by sonication, cell debris were removed by ultra-
centrifugation, and DNA was precipitated with PEI. The proteins were
soluble, but only slightly overexpressed, the retro B1 domain being
produced in quantities too low to undergo purification. The retro B
domain was purified by exclusion chromatography, in 10 mM sodium
phosphate pH 7, on a HiLoad 26/60 Superdex 75 column. Fractions
with pure protein were detected on sodium dodecyl sulfate polyacry-
lamide gels, pooled together and concentrated by ultrafiltration. The
purification was repeated once and purity checked again in polyacry-
lamide gels (purity estimated to be > 99%). The protein concentra-
tions were determined from the absorbance at 280 nm (retro SH3
domain) or 276 nm (retro B domain) using the method of Gill and von
Hippel [39]. Purity and protein identity were checked by mass spec-
troscopy by the EMBL peptide and protein service. About 10 mg pure
retro SH3 and B domains were obtained.
Far-UV CD analysis
Far-UV CD spectra were recorded on a Jasco-710 dichrograph previ-
ously calibrated with d-10-camphorsulphonic acid. The spectra were
acquired in the continuous mode with 1 nm bandwidth, 1 s response
and a scan speed of 50 nm min–1. 20 scans were accumulated to
obtain the final spectra, that were further corrected for the baseline
signal. The samples were ~20 µM protein in 10 mM sodium phosphate
at pH 7.0 (retro B domain) or unbuffered at pH 3.5 (retro SH3 domain).
Measurements were performed in a 0.2 cm pathlength cuvette at 278K
or 363K. 
Temperature scans
Thermal dependencies of the ellipticity were monitored in the tempera-
ture range 278–363K. Temperature was increased stepwise by 0.5° at
a rate of 50° h–1. Protein concentration, buffer and cuvette were as
described above. CD was monitored at 222 nm (retro B domain) or
235 nm (retro SH3 domain).
NMR spectroscopy
NMR experiments were performed on a Bruker AMX-600 spectrome-
ter at 298K. Samples were ~1 mM protein in 0.5 ml H2O/D2O
(9:1 v/v). For the retro B domain, the pH was 7.0 (20 mM sodium
phosphate). For the SH3 and retro SH3 proteins, the pH was set to
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3.5 in order to increase the protein solubility. Sodium 3-trimethylsi-
lyl(2,2,3,3-2H4)propionate was used as an internal reference at 0 ppm.
Water suppression was achieved by selective presaturation of the
water signal. One-dimensional spectra were acquired by collecting
16K data points which were zero-filled to 32K before performing the
Fourier transformation.
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